A solar drying system using double-pass solar air collector with finned absorber was designed, fabricated, and evaluated for drying copra (coconut meat). The coconut meats were dried to moisture content of 0.120 dry basis (10.73 % wet basis) from 1.113 dry basis (52.68% wet basis) during 23 hours, with an air mass flow rate of 0.083 kgs -1 , whereas, the open sun drying during 67 hours. The drying rate was found between 0.067kg/h and 0.72 kg/h, and 0.002kg/h and 0.50 kg/h, with average values of 0.191kg/h and 0.055kg/h for solar drying system and open sun drying, respectively. The minimum, maximum, and average of the efficiency of solar air collector were found of about 28.37% and 81.15%, and 58.33%, respectively. The values of the specific moisture extraction rate (SMER) and the specific energy consumption (SEC) were calculated between 0.093 kg/kWh and 0.845 kg/kWh, and 1.184 kWh/kg and 10.779 kWh/kg, respectively. The efficiency of solar drying system and the energy utilization ratio were calculated between 6.19 % and 56.34 %, and 5.61% and 45.0 %, with average values of 16.64 % and 17.61%, respectively. The average values of the improvement potential rate and exergy efficiency of solar drying system were estimated of about 87.98 J/s and 39.47%, respectively.
Introduction
Indonesia is the first largest coconut producing country in the world and having an area of about 3.57 million hectares. It annually produces 2.960 million ton [1] . Copra is one of the major traditional products processed from coconuts. Fresh coconut meat contains high moisture (52% wet basis), threfore, to produce concentrate the oil content the coconut meat need to be dried to achieve moisture content of about 7% wet basis [2] . Open sun drying and smoke drying are commonly used in Indonesia to dry coconut meat. In the open sun drying, where the coconut meat to be dried by exposing directly to the sun, which has many disadvantages such as degradation by wind-blown debris, rain, insect infestation, human and animal interference which will result in contamination of the product, and also long drying times. In the smoke drying, the coconut meat is heated directly by smoke and hot combustion gases of the fuel, usually resulting in a very inferior heavily smoked product. Solar drying system provides an alternative to the use of open sun drying and smoke drying for drying of coconut meat. One of the most important component of a solar drying system is the solar air collector . Solar air collector as a heat exchanger transfers solar radiations to air from absorber panel [3] . Thus, hot air is obtained from these collectors and they are used in drying of coconut meat. The principal types of the solar air collector were classified as single pass and double-pass [4] . Solar drying system using single-pass solar air collectors have been used to dry foods or other heat sensitive, biologically active products such as pistachio [5] , herbs and spices [6] , onion [7] , long green peper [8] , copra [2] , bananas [9] , mint leaves [10] , fruit and vegetables [11] , Sweet basil [12] .
Aldabbagh et al., [13] , have tested and compared the performance of the single-pas solar air collector with the double-pas solar air collector. They found that the efficiency of the double pass was obtained to be higher than the single pass by 34-45%, maximum efficiencies were found for the single-pas solar air collector and the double-pas solar air collector as 45.93% and 83.65% respectively. Many studies have been reported on solar drying system using double-pass solar air collector for drying of foods or other heat sensitive, biologically active products such as palm oil fronds [14] , thymus and mint [15] , red chili [16] .
Banout et al., [17] , reported the use of a solar drying system using double-pass solar air collector for drying red chilli. Drying 45 kg of red chilli using this dryer, the moisture content reduced from 90% wet basis to 10% wet basis during 32 hours. The collector, drying system and pick-up efficiencies were found about 61.62%, 15.22% and 22.04%, respectively. Good quality products were obtained.
Fudholi et al., [18] , reported the use of a solar drying system using double-pass solar air collector for drying red seaweed with a drying capacity of 40 kg, the dryer was able to reduce the moisture content of 90% wet basis to 10 % wet basis during 15 hours. The collector, drying system and pick-up efficiencies were found about 35%, 27% and 95%, respectively. Good quality products were obtained. However, to our knowledge, information is limited on literature about the drying of coconut meat in solar drying system using double-pass solar air collector. Also, Indonesia is lacated in the equator line receives abundant solar radiation with a daily average of about 4 kWh/m 2 [19] . This can be used as heat energy sources in drying process. Therefore, the purpose of this paper is to design and evaluate the performance of solar drying system using double-pass solar air collector with finned absorber for drying copra (coconut meat).
Materials and Methods

Experimental Set-Up
The photographs and schematics diagram of solar drying system (SDS) are shown in Figs. 1and 2. The solar drying system consists of main components: finned double-pass solar air collector array, drying chamber and blower. The solar air collector consists of several main parts: transparent cover glass material, absorber finned plate made from aluminum and black-painted opaque, angular iron frame, inside and outside collector coated with 1 mm-thick aluminum, and insulation using fiber glass materials. Two solar collectors are connected in series with an area of 1.8 m 2 each. The cabinet-type drying chamber has a dimension of 1.0 m (width) × 1.0 m (length) × 1.35 m (height). The chamber contains drying trays with adjustable racks to place the coconut meat sample. The triple-layer walls of the chamber consist of an aluminum sheet as outside layer, insulated glass fiber material as middle layer, and aluminum sheet as inner layer. Drying air was circulated using a blower with an electrical capacity of 0.75 kW. 
Experimental Procedure
The experiments were performed at Institut Teknologi Padang, West Sumatra, Indonesia. Coconuts were purchased from a farmer in Padang, as much as 40 kg 526
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were placed into the drying chamber for the drying process as shown in Fig.3 . The air temperatures at the inlet and outlet of the solar air collector and drying chamber during the operation of the drying system were measured by using T type copper-constantan thermocouples with an accuracy of ± 0. The mass change of the coconut meat was measured within 0-15 kg range by using a TKB-0.15 weighing scale, with an accuracy ± 0.05kg. Coconut meat mass change was weighed and temperature was measured every 60 minutes. The uncertainty was calculated using the following equation [10] :
Where WR is total uncertainty in result measurement, w1, w2,...wn is uncertainties in independent variables, and x1,x2,...xn is independent variables. 
Drying Kinetics Analysis
The moisture content of the coconut meat was calculated by two methods such as wet and dry basis using the following equations [20] : The moisture content wet basis was calculated as follow:
The moisture content dry basis was calculated as follow:
Where is the mass of bone dry of the coconut meat, and wetcm m is mass of wet coconut meat.
The drying rate is the mass of water evaporated from the wet coconut meat per unit time. It was calculated using the following equation [21] : Where is the mass of water evaporated and t is drying time.
The mass of the water evaporated (mwater) from the wet coconut meat was calculated using the following equation [19] :
Where wetcm m is initial mass of wet coconut meat, Mwb,i is initial moisture content on wet basis and Mwb,f is final moisture content on the wet basis.
Energy Analysis
The thermal efficiency of a solar air collector is the ratio of useful heat gain by solar air collector to the energy incident in the plane of the collector. It was calculated using the following equation [18] :
Where is air mass flow rate, is specific heat of air, The energy utilization ratio (EUR) was calculated using the following equation [10] :
Where CPda is specific heat of drying air, The specific moisture extraction rate (SMER) is the ratio of the moisture evaporated from wet coconut meat to the energy input to drying system. It is calculated as [22] :
Where WB is the electrical energy consumed by blower.
Specific energy consumption (SEC) is the measure of the energy used to remove 1 kg of water in the drying process. The specific energy consumption of the solar drying system was calculated using the following equations [23] :
The thermal efficiency of dryer is the ratio of the energy used for moisture evaporation to the energy input to drying system. It is calculated as [17] :
Where fg H is latent heat of vaporization of water (kJ/kg).
Exergy Analysis
The exergy values are calculated by using the characteristics of the working medium from a first-law energy balance. For this purpose, the general form of exergy equation applicable for a steady flow system may be expressed as [5] :
For exergy input (inflow) to drying chamber was calculated as:
For exergy output (outflow) to drying chamber was calculated as:
Performance analysis of solar drying system
Where T dcao is outlet air temperature of drying chamber However, during the solar drying process, the exergy losses are determined using equation as:
Exergy efficiency for drying chamber calculated as:
The improvement potential (IP) of a solar drying system or process was calculated as [18] :
Results and Discussions
The variations of temperature and relative humidity at inlet and outlet of drying chamber are shown in Fig.4 . The temperature at inlet and outlet of drying chamber were recorded in the range of 37. 
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The efficiency of solar air collector was calculated in the range of 28.37%-81.15%, with average value of 58.33%, respectively, under an air mass flow rate is about 0.083 kgs -1 . As observed from the figure the solar air collector is very sensitive to solar radiation, if the solar radiation fluctuates, the solar collector efficiency also fluctuates.
The variations of SMER and SEC with drying time are shown in Fig. 8 . The SMER varies from 0.093 kg/kWh to 0.845 kg/kWh with an average of 0.250 kg/kWh, respectively. The SEC varies from 1.184 kWh/kg to 10.779 kWh/kg, with average value of 5.495 kWh/kg, respectively. The variations of improvement potential rate and exergy efficiency with drying time are shown in Fig. 11 . The maximum, minimum, and average of improvement potential rate and exergy efficiency were calculated of about 288.84 J/s, 1.66 J/s and 87.98 J/s, and 84.25%, 1.20% and 39.47%, respectively. 
Conclutions
A solar drying system using double-pass solar air collector with finned absorber was designed, fabricated, and evaluated for drying copra (coconut meat). The coconut meats were dried to moisture content of 0.120 dry basis (10.73 % wet basis) from 1.113 dry basis (52.68% wet basis) during 23 hours, with the averages drying chamber temperature, drying chamber relative humidity, and an air mass flow rate of 47. 
